Fluorescence polarization is a screening technology that is radioactivity free, homogeneous, and ratiometric. The signal measured with this technology is a weighted value of free and bound ligand. As a consequence, saturation curves are accessible only after calculation of the corresponding concentrations of free and bound ligand. To make this technology more accessible to assay development, the authors propose a simple mathematical model that predicts fluorescence polarization values from ligand and receptor total concentrations, depending on the corresponding dissociation constant. This model was validated using data of Bodipy-NDP-αMSH binding to MC 5 , obtained after either ligand saturation of a receptor preparation or, conversely, receptor saturation of a ligand solution. These experimental data were also used to calculate the actual concentration of free and bound ligand and receptor and to obtain pharmacological constants by Scatchard analysis. A general method is proposed, which facilitates the design of fluorescence polarization binding assays by relying on the representation of theoretical polarization values. This approach is illustrated by the application to 2 systems of very different affinities. (Journal of Biomolecular Screening 2006:949-958) [ 125 I]-iodo-NDP-αMSH K D = 0.4 nM K D = 0.9 nM 20 Bodipy-NDP-αMSH Ki = 4.6 nM Ki = 2.3 nM 20 NDP-αMSH Ki = 2.4 nM Ki = 2.4 nM 19
INTRODUCTION
D URING THE PAST YEARS, the demand for an increase in screening throughput and return on investment in the pharmaceutical industry has led to the use of 2 complementary strategies. The first was to automate assays, similar to the production lines, which underwent this transformation years ago. The second, and complementary strategy, was to improve assay technologies-in particular, to move from heterogeneous assays, where the unreacted reagent has to be physically removed, to homogeneous assays, the "mix-and-read" alternative. This evolution was much awaited in the ligand-receptor area of molecular screening. One of the first successes in this field was scintillation proximity, which eliminated the washing or filtration steps to remove unbound isotopically labeled ligand. Although very successful in a number of examples, including enzymatic assays, 1,2 receptor binding, [3] [4] [5] and second-messenger assays, [6] [7] [8] this technology sometimes still required washing steps to get high-quality data and, in any case, did not alleviate the handling of radioactive reagents and waste, which has both practical and financial costs. Thus, much hope was put in homogeneous radioactive-free fluorescence assays. Two such techniques were developed: (1) fluorescence resonance energy transfer (FRET) and, more recently, time-resolved FRET to further decrease the background fluorescence and (2) fluorescence polarization (FP).
FP is an old technique, first applied in 1952 to measure the binding of dyes to albumin, 9 and only recently has found screening applications (see the reviews by Owicki 10 and Burke et al. 11 ). Although fluorescence transfer techniques require both the target and the ligand to be labeled, FP has the advantage of requiring the labeling of only the ligand. Despite the exciting perspectives that FP brings to the study of ligand-receptor interactions, it has several limitations. The size of the ligand cannot exceed 3000 to 4000 Da, and the fluorescent labeling of the pharmacophore (on a primary amine, carboxylic, or sulfhydric group) must not impair the binding to the receptor. These constraints may be the reason reagent provider catalogues are so scarce in fluorescently labeled small molecules. This makes fluorescence polarization applicable mainly to small peptides, which represent only a fraction of cases. On the other hand, the upper limit of ligand molecular weight corresponds to the lower limit of target protein. A target below 10 kDa will not yield a ligand-receptor complex large enough to allow the discrimination between mP signals of free and bound ligand. Nevertheless, the gain in throughput and in cost is sufficient to maintain a strong interest in this technique and to apply it whenever it is possible, including systems where long peptides or proteins can be replaced by a short peptide. [12] [13] [14] Interestingly, a fluorescence polarization multiplexed assay was developed recently in this format, enabling the simultaneous screening of 2 steroid hormone receptors. 15 One important challenge to obtaining useful FP assays is assay development itself. The classical signal saturation well described for radioligand binding systems does not apply to raw FP data because the measured FP signal has contributions from both free and bound fluorescent ligands. In this article, we do not detail the principles of fluorescence polarization, which is reviewed elsewhere. [16] [17] [18] [19] [20] Here, we propose a method for facilitating the development of binding assays in fluorescence polarization. In our view, this provides a framework to better understand the technique and the meaning of the FP values collected. Our approach uses a simple mathematical model that predicts the FP values at any experimental conditions of receptor and ligand concentrations, thus allowing early selection of the most appropriate experimental concentrations for a specific ligand-receptor pair, which reduces the number of trial-and-error cycles.
MATERIALS AND METHODS

Materials
Bodipy-NDP-αMSH was synthesized by NeoMPS (Strasbourg, France), MC 5 membrane preparations were from PerkinElmer (Boston, MA), and [ 125 I]-iodo-NDP-α-MSH was from Amersham Biosciences (Piscataway, NJ). Ligands and receptors A and B were developed in-house. All other reagents were from Sigma Chemicals Co. (St. Louis, MO).
Instruments
Fluorescence polarization assays were performed in a 40-µL final volume in Corning Costar 384-well black polystyrene flat-bottomed plates (ref. 3654, Corning Inc., Acton, MA), and readings were made on an EnVision™ multimode reader (PerkinElmer) using optimized settings. Theoretical model calculations were performed on Excel software (Microsoft Corp., Redmond, WA), visualization of the 3-dimensional plots was done with SpotFire (SpotFire, Inc., Cambridge, MA), and Scatchard analysis was performed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
MC 5 radioligand binding experiments
All MC 5 radioligand binding assays were performed at 37 °C in 25 mM HEPES/NaOH (pH 7.0), 1.5 mM CaCl 2 , 1 mM MgSO 4 , and 0.1% protease-free bovine serum albumin (BSA), supplemented with protease inhibitors (EDTA-Free Complete™ tabs). For saturation experiments, 7.8 µg/mL MC 5 was incubated for 2 h with [ 125 I]-iodo-NDP-α-MSH at various concentrations before the reaction was stopped by filtration through GF/B filtration microplates pretreated with 0.5% polyethylene imine, using a FilterMate (Packard, Rockville, MD) apparatus. Membranes were then washed 3 times with 2 mL of 50 mM Tris-HCl (pH 7.5) buffer before the addition of 30 µL per well of scintillation liquid (Microscint 20, Packard) and counting in a β scintillation counter (TopCount NXT, Packard). For competition experiments on Bodipy-NDP-αMSH, a similar procedure was applied, with 0.84 nM [ 125 I]-iodo-NDP-α-MSH and a concentration range of the fluorescent ligand.
MC 5 fluorescence polarization binding experiments
MC 5 fluorescence polarization binding assays were performed in 25 mM HEPES/NaOH (pH 7.4), 1.5 mM CaCl 2 , 1 mM MgSO 4 , and 0.2% pluronic acid (w/v), supplemented with protease inhibitors (EDTA-Free Complete™ tabs). Bodipy-NDP-αMSH and MC 5 concentrations were as specified in the text. The receptor concentration in the membrane preparation from the provider was assessed by saturation analysis of radioligand binding experiments performed as described above. The ligand and membranes were incubated at room temperature for 2 h before reading without any significant change in signal quality. The fluorescence intensity contribution of MC 5 plasma membrane preparations was corrected independently for the parallel and perpendicular polarization channels. Nonspecific binding of Bodipy-NDP-αMSH was determined in the presence of an excess concentration of NDP-αMSH, 10 µM.
RESULTS AND DISCUSSION
Calculation of ligand-receptor complex concentration from experimental fluorescence polarization values
Fluorescence polarization generates a signal that is a weighted average of bound and free ligand signals (see equation (3) in Scheme 1), with the bound ligand having the higher polarization value. This property makes it difficult to analyze a saturation experiment of a receptor solution by an increasing concentration of labeled ligand because the FP signal of the increasing concentration of unbound ligand finally exceeds the FP signal of bound ligand. In this symmetrical equilibrium system, one can conversely perform the saturation of a ligand solution by increasing the concentration of receptor. Both ligand and receptor saturation analysis can be performed using a simple mathematical analysis of polarization values that leads to the determination of free and bound ligand or receptor concentrations. This allows plotting of the familiar saturation curve and Scatchard analysis representation. This approach has been presented in detail by Prystay et al. 21 Our calculations based on this model are presented in Scheme 1, yielding an equation where the final concentration of the ligand-receptor complex is expressed as a function of experimental polarization values and total ligand concentration (equation (4)).
Similarly to Prystay et al., 21 the model was applied to experimental data obtained with Bodipy-NDP-αMSH binding to MC 5 , a case where the affinity of the ligand for the receptor is in the nanomolar range. 19 The MC 5 membranes were characterized with classical radioligand binding and yielded affinity constants in agreement with the reported figures ( Table 1) . We then conducted Bodipy-NDP-αMSH saturation of an MC 5 membrane preparation ( Fig. 1) . As this ligand has nanomolar affinity, we observed a decrease of the polarization signal while the ligand concentration increased from 0.3 to 10 nM ( Fig. 1, left panel) , because of the accumulation of free ligand in solution and its subsequent contribution to the overall polarization value. Bodipy-NDP-αMSH concentrations below 0.3 to 0.1 nM approach the detection limit of fluorescence of the probe. It is noteworthy that the decrease in polarization signal spans only 2 orders of magnitude in ligand concentration, thereby illustrating the difficulty to handle ligand saturation experiments with this approach. Nonetheless, mathematical treatment was performed (Scheme 1, equation (4)), and Scatchard plots were drawn ( Fig. 1, right panel) .
We then tested the saturation of a Bodipy-NDP-αMSH solution by an increasing concentration of MC 5 . The fluorescence polarization raw data showed a classical binding isotherm, corresponding, for a given ligand concentration, to the accumulation of ligand-receptor complexes with a high polarization value ( Fig. 2 , left panel). The same mathematical treatment was applied to the data (Scheme 1, equation (4)), and Scatchard plots were drawn ( Fig. 2, right panel) . Dissociation constants calculated for the 2 saturation experiments described above are presented in Table 2 . By using the saturation and Scatchard plots, calculated dissociation constants of Bodipy-NDP-αMSH saturation of MC 5 (K D = 1.07 and 1.23 nM, respectively) were in good agreement with previously published data (K D = 2.9 nM 20 ). Interestingly, the . Hence, we show here that receptor saturation of a fluorescent ligand solution yields more robust data than the fluorescent ligand saturation of a receptor preparation, especially for low-affinity systems. We conclude from these results that when working with a system displaying low nanomolar affinity, it may be more relevant to determine the affinity of the labeled ligand by performing receptor saturation of a ligand solution, provided the receptor is present at a sufficient level (ca. 5-10 pmol/mg). Taken together, these results also suggest that FP assay development is not straightforward and that a methodological support can be welcome.
Building a theoretical diagram of polarization values as a function of total ligand and receptor concentrations
The above example illustrates a case where the ligand saturation of the receptor can only lead to a decrease in polarization values due to their nanomolar affinity. In other instances, a ligand may have a higher K D for the receptor, and it would be interesting to use a broader concentration range of ligand, including concentrations below the expected affinity value. To have a better understanding of the corresponding FP values, we used the classical thermodynamic equations of ligand/receptor binding to express the concentration of the ligand-receptor complex as a function of total ligand concentration, total receptor concentration, and the dissociation constant of the pair (Scheme 2, equation (5)). This expression, the unique real solution of a second-order equation, was combined with the expression of fluorescence polarization as a function of ligand and receptor concentrations (Scheme 1, equation (3) ) and allowed the expression 5 Saturation of Saturation of MC 5 Bodipy-NDP-αMSH of any polarization value, as a function of the concentration of total ligand and total receptor, and the dissociation constant of the pair (Scheme 2, equation (6)). This equation could then be fed with constants (the expected affinity of the ligand for the receptor, K D ; polarization values of free, mP L and bound, mP RL ligand) and with a range of theoretical values of ligand and receptor concentrations spanning the K D . A 3-dimensional plot allowed the visualization of calculated mP values at any ligand and receptor concentrations, with a given affinity constant. We applied this method to Bodipy-NDP-αMSH/MC 5 interaction, using the constants as follows: K D = 1.14 nM (average of 1.07 and 1.23 reported in Table 2 ), mP L = 0, and mP RL = 250. The experimental values described in the previous section were added to the representation, together with additional experimental data obtained in our laboratory (see Figs. 5, 6). Experimental polarization values were corrected for nonspecific binding (i.e., a control mP L was used to correct for the contribution of experimental background polarization at each MC 5 concentration). This series of mP L values was determined with Bodipy-NDP-αMSH and MC 5 at varying concentrations in the presence of 10 µM NDP-αMSH, a saturating concentration of unlabeled ligand allowing the measurement of mP L , with the polarization corresponding to the nonspecific binding. Interestingly, we observed that for ligand concentrations below K D , the polarization signal was theoretically constant and maximum for a given receptor concentration, in agreement with thermodynamics stating that the binding ligand starts to be in excess only when approaching its K D . Another interesting observation is that raising the ligand concentration above the K D for saturation by a receptor preparation induces a lower apparent affinity, as the transition midpoints of saturation curves are shifted to higher concentration values, thereby rendering these conditions unfavorable to the experiment. The same conclusion can be drawn for ligand saturation of a receptor preparation, which should not take place at high receptor concentration. Altogether, it is noteworthy that the experimental data correlate well with the predicted values. Figure 4 shows restricted displays, focusing either on ligand saturation of receptor preparations (left panel) or, conversely, on receptor saturation of ligand solutions (right panel).
These results validate our mathematical model and could be helpful as a theoretical framework for developing fluorescence polarization binding assays. A complete model must also take into account constraints that do not allow some ligand or receptor concentrations to be used. The first constraint is the detection limit of the fluorophore. At very low concentrations, the label will not generate enough fluorescence. These concentrations depend on the fluorophore, but for extinction coefficients of 50,000 to 80,000 M -1 .cm -1 (e.g., fluorescein, Bodipy) and for standard microplate readers, one should not expect to rely on values obtained at concentrations below 0.1 to 0.5 nM. This limit is illustrated in Figure 3 by the gray shading of the graph data on the left-hand side (L T values below 0.5 nM). Conversely, high concentrations of fluorophore can hardly be analyzed because of instrument signal saturation limits. In addition, raising the fluorescently labeled ligand concentration to values exceeding 100 nM is uneconomical for commercially obtained ligands. For these reasons, the right-hand side sections of graphs in Figure 3 were shaded in gray (L T values above 100 nM). For technical reasons, it is also difficult to reach high concentrations of receptor. For Gprotein-coupled receptors, for instance, a level of expression of 1 pmol/mg allows, at the most, experimental concentrations of 10 to 20 nM (hence the gray shading of highest concentrations of receptor in Fig. 3) . In any case, the upper limit is easily reached because of optical interferences of the membrane suspension. This problem is alleviated when working with purified soluble proteins because micromolar receptor concentrations can reasonably be achieved. After determining the experimental constraints described above, the resulting blue area in Figure 3 represents the range of ligand and receptor concentrations experimentally accessible.
A methodology for fluorescence polarization binding assay development: application to different systems
These tools can be used to establish a method to optimize fluorescence polarization binding assay development. Obviously, this method requires a minimum of information to start with, including the total ligand and receptor concentrations, and the expected affinity constant of the pair, sometimes approximated by using the K D of the unlabeled ligand, even though differences may exist between the 2 ligands. Thereafter, it is relatively easy to reproduce the useful graphs displayed in spreadsheet software for the calculation of theoretical polarization values after the constants used (K D , mP L , and mP RL ) as well as the ligand and receptor concentration ranges. The graphical display can be performed in the same software or in a system more dedicated to visualization functions. The resolution of the display will depend on the concentration increment used, and satisfactory results are obtained with increments of a quarter of a log. In a preliminary approach, mP L and mP RL constants can be set up arbitrarily (e.g., mP L = 0 and mP RL = 100) to assist the user in planning his or her first experiments. Alternatively, experimental mP L and mP RL can be used when they have been previously determined in the laboratory. The next step consists of determining the concentration ranges accessible to the experimentation, using the limit of measurement of the fluorescence signal (lower limit on L T ), the saturation limit of the reader in the experimental setup (upper limit on L T ), and the stock concentration of receptor (upper limit on R T ). The first experiments can then be designed, according to the window of conditions accessible in real time and to the general "aspect" of the display. As a consequence of the discussion above, 2 approaches can be used. The 1st 1 consists of titrating a receptor solution at K D with a range of ligand concentrations as broad as possible. The 2nd possible approach consists of titrating a ligand solution below the K D with a receptor preparation spanning a concentration range as large as possible. Depending on the pharmacological conditions (expected K D ) and on the biological material (receptor stock concentration), 1 or the other possibilities will be preferred. Nonetheless, the K D will most often be easier to determine through a concentration range of receptor against a constant ligand concentration below the K D . This methodology is exemplified hereafter with 2 different cases: (1) a ligand/receptor pair with a very high affinity (ligand A/receptor A, K D = 0.05 nM) and (2) a soluble protein with an affinity 3 orders of magnitude lower for its ligand (ligand B, receptor B, K D = 45 nM). The identity of these reagents is proprietary and not disclosed in this article. For ligand A/receptor A, 2 experiments were designed according to the theoretical model: receptor saturation of a 0.5-nM ligand solution and ligand saturation of a 0.15-nM receptor preparation ( Fig. 5, upper left  panel) . Both sets of data were superimposed on the theoretical model graph and show good correspondence with the expected values ( Fig. 5, right panel) . Scatchard analysis of experimental ligand A saturation of 0.15 nM receptor A gave constants in close agreement with expected values (Fig. 5, lower panels) , for the affinity (K D = 0.05 nM) as well as for the maximum number of sites (B max = 0.66 nM, corresponding to 0.50 nM ligand). Although the raw data of the receptor A saturation of ligand A fitted well with the theoretical model, the calculated R and RL values were of insufficient quality to allow Scatchard analysis, again illustrating the difficulty in working with very high-affinity systems, where, in particular, handling very diluted membrane preparations lead to high discrepancy in the results.
For ligand B/receptor B, the low affinity of the pair changed the design of the experiments because no ligand saturation of a receptor preparation could be performed (see Fig. 6 , upper left panel). In this case, however, the target was a soluble protein, which implied the use of a detergent in place of BSA to avoid nonspecific binding of the labeled ligand to this protein.
The use of a purified protein as a receptor made possible the complete saturation of a ligand solution by a broad range of receptor concentrations. Hence, 2 experiments were designed according to the theoretical display, at 1-nM and 15-nM ligand concentrations. The experimental data were reported on the theoretical model and showed good agreement with the theoretical data (Fig. 6, upper panels) . The K D calculated from the experimental data was 41 nM at 1 nM ligand and 61 nM at 15 nM ligand, both consistent with the expected value of 45 nM.
In addition, precise data could be obtained with this purified system, and after Scatchard analysis, the maximum number of sites was in very good agreement with the experimental conditions: B max = 0.98 nM, corresponding to 1 nM ligand B, and B max = 15.0 nM at 15 nM ligand B. In summary, our model was successfully applied to help in selecting the most appropriate conditions to characterize the binding of 2 new receptors by fluorescence polarization binding assays.
CONCLUSION
In this report, we present theoretical framework and graphical methods as an aid to select optimal concentrations of ligand and receptor during early fluorescence polarization assay development. First, a simple mathematical treatment of experimental fluorescence polarization data was presented, calculating free and bound concentrations of ligand and receptor, as well as allowing Scatchard analysis and subsequent determination of the corresponding dissociation constant. In this respect, both ligand saturation of a receptor preparation and receptor saturation of a ligand solution are possible. However, it may be preferable to obtain the receptor dose-response data, as illustrated in the present work. In addition, in these experiments, ligand concentration should not exceed the K D by more than 1 order of magnitude and should ideally be chosen below it. Second, a relatively simple mathematical model was developed that calculates theoretical polarization values for a ligand/receptor pair with a given dissociation constant. We validated this model by a set of data obtained in the well-described Bodipy-NDP-αMSH/MC 5 system, with experimental and theoretical values being in close agreement. Furthermore, we described a methodology using this mathematical model, which can be applied to guide the design of key experiments that will lead to the determination of dissociation constants and of the most appropriate conditions for screening campaigns. This methodology was applied successfully to 3 different cases, where a minimum number of experiments yielded good-quality data, which could be exploited to characterize each system and move rapidly to screening conditions. We believe that this approach can help fluorescence polarization users to have a better understanding of this technique; moreover, it can accelerate the assay development processes by reducing the number of trial-and-error cycles, allowing users to focus on the heart of assay development: defining the other appropriate reaction conditions such as buffer composition, incubation time, and temperature.
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